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The effects of dc excitation current on the current- volt age curves of poly crystalline samples of 
Ndo.5Cao.5Mno.96Cro.04O3 were investigated. The experimental results show that an abrupt jump 
of the voltage is concomitant with a huge increase in the temperature of the sample. A simple 
model and estimates for Joule self-heating effects support the experimental data. Moreover, the 
data strongly suggest that both the current localization in the metallic paths and local Joule self- 
heating effects are essential ingredients to understand the current-induced phase transition in phase- 
separated manganites. 
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It has been reported that phase control in mangan- 
ites can be achieved by both the appropriate chemi- 
cal substitutions ja and by application of external stim- 
uli such as pressure Pfi magnetic field high-power 
laser irradiation^ and electric fields EX However, while 
both H and P change the bulk properties of the colos- 
sal magnetoresistance (CMR) manganites, the influence 
of light, X-rays, and electric current / may result in a 
rather localized phase transition^ In particular, effects 
induced by applied E have been studied in both the 
charge/orbital-ordered (CO-OO) and the ferromagnetic- 
metallic (FMM) states in single crystals and polycrys- 
talline samples of CMR manganites. 4 - 5 - 6 -7.8.9,io j n ^ nege 
compounds, a drop in the electrical resistivity p(T) above 
a threshold value of the applied dc E (or dc current I) is 
generally observed**^ This i?-driven (or /-driven) insu- 
lator to metal transition MI is close related to the occur- 
rence of a nonlinear conductivity^^ The nonlinearity of 
the I-V curves, observed for T<Tco, is thus explained 
by considering a percolation process due to the melting 
of the CO insulating (COI) phase into the metallic one. 
This interpretation is based on the opening of metallic- 
filament paths in a COI matrix4*^*& 

Besides the common observation of nonlinearity in I-V 
curves, this scenario is still not clear and other physical 
mechanisms have been proposed as the depinning of the 
CO-00 state upon E application^ the change in the 
orientation of the 00 in the insulating state upon appli- 
cation of large E^ and an ^-induced switching of the 
directional order of the 00 states of e g electrons^ Re- 
sults of I-V curves under H also indicated an increase of 
the magnetization at the same threshold V where / rises 
abruptly^ It was argued that Joule heating effects were 
insignificant and the formation of a less-resistive mixed 
state, but with higher magnetization than the initial CO 
state, was suggested^ More recently, the nonlinear con- 
duction was described by considering a model for charge- 
density-wave (CDW) motion^ 



The proposed scenarios for the I (or i?)-induced 
phase transition usually consider mechanisms related 
to the interplay between charge and spin degrees of 
freedom However, based on magneto-optical 
imaging of local magnetization and I distribution, a dif- 
ferent view has been recently proposed. 13 It was sug- 
gested that application of high density / reduces the 
metallic channels due to local Joule self-heating effects. 
Increasing / changes the metallic paths into insulating re- 
gions, further localizing the inhomogeneous current flow, 
and propagating the Joule self-heating. This process re- 
sults in a rapid collapse of the metallic channels, which 
is related to an abrupt jump in the I-V curves at a well- 
defined I threshold It~ 




T(K) 

FIG. 1: V/I(T) (right axis) and M(T) (left axis) of 
Ndo.5Cao.5Mno.96Cro.04O3. The inset displays the copper 
block sample holder experimental setup. Warming and cool- 
ing cycles in V/I(T) measurements (7=0.05 mA) are indi- 
cated by arrows. 

We report the occurrence of abrupt jumps/drops 
on the V across the phase-separated manganite 
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Ndo.5Cao.5Mno.9eCro.04O3 (Cr-NCMO). By using an ap- 
propriated experimental setup we have observed that the 
occurrence of nonlinearity in I-V curves is a precursor of 
a drastic rise in the temperature of the sample T5. A 
model to account for the increase in Ts on increasing / 
supports the experimental data. Moreover, based on the 
temperature dependence of the specific heat C' p , an es- 
timate of the energy dissipation of the material further 
confirms the importance of Joule heating effects. The re- 
sults allowed us to propose that Joule self-heating effects 
associated with localized conduction are essential ingredi- 
ents to understand the abrupt /-induced phase transition 
in phase-separated manganites. 

Polycrystalline samples of Cr-NCMO were prepared 
by solid state reaction^ Four- wire dc p(T) and I-V 
measurements were performed between 30 and 300 K. 
Four gold contact pads were deposited on parallelepiped- 
shaped (typically of length Z=0.60 cm, width w=0.145 
cm, and thickness i=0.075 cm) samples to obtain excel- 
lent electric contacts by using Ag epoxy. In I-V measure- 
ments, the current sweeps between -100</<100 mA were 
carried out in 0.5 mA steps. To avoid any memory effects, 
after each measurement the sample was heated to 300 K, 
cooled down to 30 K, and then heated to the desired 
measuring T. The experimental setup for the electrical 
measurements uses a cold finger connected to a closed- 
cycle helium refrigerator. The temperature of the system 
T is monitored with a silicon diode, positioned near the 
sample, and mounted on the copper block. The temper- 
ature of the sample T$ is measured by a Pt thermometer 
placed on the copper block. The sample stands over the 
Pt thermometer and is fixed to it by using a thin ther- 
mal conducting silicon grease layer. The inset in Fig^ 
displays a schematic draw of the sample holder setup. 
Magnetization M(T) measurements were performed in 
a SQUID magnetometer under applied magnetic field of 
1 mT in both FC and ZFC modes. C p measurements in 
Cr-NCMO crystals were performed in a Quantum Design 
PPMS apparatus. 

The compound Ndo.sCao.sMnOa has a CO 
antiferromagnetic-insulator (AFI) ground state be- 
low rco~240 K where a partial OO and magnetic 
correlations of short range are observed At low 
T, the OO increases and a long range CE-type AFI 
state is established below T/v~170 K. Substitutions 
on the Mn site are an effective way to gradually mod- 
ify the CO statei The material under investigation 
Ndo.5Cao.5Mno.96Cro.04O3 is well studied and develops a 
FMM phase at low temperatures, as shown in Fig^ 1,15 
The transition to the CO regime is inferred from a subtle 
change of dp/dT and a small cusp in the M(T) data 
at T CO ~240 KM^ With decreasing T, a MI transition, 
closely related to the FM transition, occurs at Tm/^140 
K when 7=0.05 mA. The thermal irreversibility in both 
M(T) and p(T) data indicate a coexistence of CO/OO 
and FMM phases at low temperatures Indeed, 
under Cr-doping and for T<Tmi, these compounds are 
comprised of a fine mixture of 20-30 nm domains of the 
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FIG. 2: I-V curve at 50 K (right, open squares) and the 
corresponding temperature rise of the sample Ts (left, crosses) 
vs. /. The inset shows the temperature dependence of II- 
Arrows denote increasing and decreasing I. 

FMM phase embedded in the CO/OO matrix^ 

FiglHshows a typical I-V curve (T=50 K) and the tem- 
perature rise of the sample Tg as / increases. The data 
reveal a clear correspondence of both V and Ts curves 
against J. At low /, the rising in T$ is smooth and the I- 
V data is here considered linear up to an I value 7l°-T4.5 
mA. Il is defined as the current in which the tempera- 
ture measured by the Pt-thermometer increases 1 K. As 
I evolves, the I-V data loose the linearity and Ts rises 
progressively. Further rising in / leads to a switch to a 
much higher V/I value, as inferred from a steep increase 
in V at Jti~59 mA (~5.4 A/cm 2 ). This /-induced phase 
transition is accompanied by a remarkable increase in T$ 
from ~70 to ~135 K in a narrow range of / while V dis- 
plays a spike-like maximum. With further increasing in 
/, V decreases monotonically, i. e., the I-V curves ex- 
hibit a negative differential resistance (dV/dI<0) up to 
7=100 mApi This feature is also reproduced in Tg that 
rises continuously, reaching ~155 K for 7=100 mA, while 
the temperature of the copper block varied ^1.6 K. 

The /-induced phase transition at Iti is useful to sep- 
arate two well defined regions in dynamical I-V curves: 
below and above Iti, where the material can be consid- 
ered as a metal or insulator, respectively. The decreasing 
branch of I-V curves shows a pronounced irreversibility 
in /, preserving the more insulating state down to a lower 
value of the threshold current 7 Td (T=50 K)~ 40 mA. At 
this excitation current, V drops rapidly, and the initial 
I-V curve is recovered with further decreasing /. Again, 
Ts follows essentially the same trend: it decreases from 
Ts~150 K but it is kept above 100 K while the more insu- 
lating state is preserved. Accordingly, close to Its. (T=50 
K)~40 mA, Ts drops rapidly to ^55 K and continuously 
decreases towards to the initial value (50 K). 

Due to a thin conducting grease layer separating the 
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FIG. 3: TV curves of the Cr-NCMO compound at several 
temperatures. The inset displays the data in the vicinity of 
Too- The arrows point to the increasing and decreasing val- 
ues of I. 



Pt-thermometer and the sample, a temperature gradi- 
ent Tq in this region is expected to occur. An esti- 
mate of Tg is made by comparing values of V/I in 7- 
V curves and considering the V/I vs. T data of Fig^ 
From FigEl the spike- like maximum in V / 1^29 il (7~60 
mA) corresponds to an average temperature reached by 
the sample of ~152 K (see FigOJ, a value compatible 
with the transition from metallic to insulating behavior 
but slightly higher than Ts^-T35 K measured by the Pt- 
thermometer. Such a difference Tg~17 K is certainly 
related to the thermal coupling between sample and the 
Pt-thermometer but not only. A temperature gradient 
between the sample surface and the bottom is also ex- 
pected since the thermal conductance in manganites is 
rather lowi£ In addition, the estimated average sample 
temperature extracted from the V/I data of Fig^ taken 
at constant and rather low value of 7=0.05 mA, must be 
also considered. For such low values of I a homogeneous 
distribution of 7 within the sample is expect, a feature 
hardly believed to occur at 7^60 mA. 

A set of I-V curves taken at different T is displayed 
in Fig[3J The most prominent feature here is the sharp 
jump in V at 7~7ri, which decreases appreciably with 
increasing T and is barely identified for T>Tmi (inset of 
FigCU • Increasing T also results in a less pronounced irre- 
versibility of the I-V curves for T<Tmi and, for T>Tmi, 
they exhibit a reversible behavior^ This indicates that 
the irreversibility in I-V curves is close related to the 
phase competition in the phase-separated manganite, be- 
ing larger when the FMM phase is robust, and further 
evidences the localized electric conduction in the FMM 
phase. The sweep to negative I values leads to an anti- 
symmetric I-V behavior of the curves. 

From I-V curves at different T, values of II were com- 
puted and are shown in the inset of Fig|2 Such a dia- 



gram is useful for separating regions where current local- 
ization takes place in these materials. The decrease of 
II with increasing T<Tmi reflects the reduction of the 
relative volume fraction (VF) of the FMM phase, which 
coexist with the CO/AFIii^ii& Such a reduction is con- 
sistent with a more localized I distribution across the 
material and provides an explanation for the so-called 7- 
induced change in Tmi^^ 1 A considerable increase of 
II for T>Tmi suggests a much more homogenous distri- 
bution of I across the sample in the insulating phase>i2i22i 
However, the current localization at high applied I and 
T>Tmi is probably related to the inhomogeneous na- 
ture of the CO-state, in which different structural phases 
were found to coexist ^*2i These observations suggest 
that both the temperature dependence of II and the 
abrupt jump in V are intimately related to the VF of 
the metallic phase within the material which is believed 
to vanish when the average temperature of the sample is 
T>T MI . 




FIG. 4: Temperature rise of the sample AT=Ts-T vs. I. 
The copper-block sample holder measuring temperatures T 
for each I-V curve are indicated. The inset shows AT close 
to Too- The arrows point to the increasing and decreasing 
values of J. 

We have carefully checked changes in the temperature 
of the copper block in all I-V curves. The data show 
a maximum temperature rise of the block of ~ 1.9 K at 
T=30 K, when the sample is subjected to 7=100 mA and 
Tg~165 K. Thus, the temperature rise of the sample with 
respect to the copper block has been defined as AT= T$- 
T and typical data of AT vs. 7 are shown in Fig0J At 
T=30 K, a huge rise of ~100 K in AT, at essentially the 
same 7~80 mA where V increases drastically, is observed. 
The average temperature reached by the sample Ts just 
after the jump was measured to be ~155 K, a value higher 
than Tm/^140 K. Such a rise in T$ is certainly caused 
by Joule self-heating effects, a process that continues up 
to 7=100 mA, where T,g~165 K. When the sample was 
subjected to a power dissipation of ~0.1 W (7=100 mA), 
the highest value of AT^135 K was observed for T=30 K. 
Again, a temperature gradient Tg^15 K, at 7=100 mA, 
was estimated, further indicating a current localization, 
as already mentioned. Such a Tq of the experimental 
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arrangement is more pronounced at high / and T<Tmi, 
indicating that the local temperature of the sample is 
significantly altered by the current localization. 

The behavior of AT also displays irreversibility in 
curves taken at low temperatures, a feature that van- 
ishes for T>Tmi- Increasing T results in smaller values 
of AT, being AT-2 K for 7=100 mA at T-T co (in- 
set of Fig^J. Therefore, the experimental data suggest 
that changes in I-V curves are close related to Joule self- 
heating effects, to the VF of the FMM phase, and to the 
localized distribution of I in the metallic phase. 
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FIG. 5: The I vs. AT curve at 30 K (open squares) and 
the calculated Joule-self heating effect (solid circles and line). 
The inset displays the C V (T) data of a single crystal specimen. 

To support the experimental findings, the expected in- 
crease in Ts due solely to Joule self-heating effects was 
calculated by considering the heat dissipation in the sam- 
ple under applied I and the heat conduction by the grease 
placed between the sample and the Pt thermometer. 22 
Since T was found to be nearly constant during the ex- 
periment, the temperature rise of the sample AT(T) can 
be approximated by P/K g (A/d), where P is the power 
dissipated in the sample, and n g is the thermal conduc- 
tivity of the grease with area A and thickness d. By us- 
ing the experimental R=V / 1 data and P=I 2 p*(l/wt), 
AT(T,I)=I 2 p(T+AT)/wtK g *(ld/A), where to, I, and 
t were already defined. Considering that k 9 ^0.16 
Wm _1 K _1 is nearly temperature independent in the T 
range investigated (30-160 K), 23 an example of the cal- 



culated AT(T=30 K,J) for a typical sample is shown 
in FigOO The good agreement between the calculated 
and the measured AT(T) confirms that Joule self-heating 
provides an excellent description for the temperature rise 
of the sample. Small deviations in the high / region are 
mainly related to: (i) the transition to the insulating 
regime where the VF of the FMM is low; (ii) changes in 
T that is assumed to be constant; (iii) a thermal gradient 
within the sample; and (iv) a more homogeneous distri- 
bution of I across the sample (see inset of FiglSJ. 5 ' 1 ^ Fur- 
thermore, the C P (T) data of a Cr-NCMO single crystal 
specimen (inset Fig|5Jl allowed us to estimate the energy 
required to heat the sample at a given temperature and 
to compare with the one due to Joule self-heating effects. 
By using the C p data, the energy required to heat a Cr- 
NCMO sample from 30 to 140 K was estimated to be ^85 
mJ. Accordingly, the energy dissipated by lTi(T— 30 K) 
was found to be ^80 mJ, corresponding to a Ts~140 
K, in excellent agreement with the data shown in FigEJ). 
This result supports the experimental data, and lends 
credence to the relationship between Joule self-heating 
effects and the temperature rise of the sample. 

In summary, the combined experimental results indi- 
cate that the abrupt increase of Ts can be doubtless as- 
cribed to the heat generated by the I flow through local- 
ized pathways in the FMM phase. Under relatively low J, 
the weaker metallic regions become insulating, increasing 
the current density in the remaining FMM paths£ This 
is reflected in both the initial rise of Ts an d changes in 
the I-V behavior. As I evolves, the weaker metallic paths 
are progressively reduced and the Joule self-heating effect 
increases, culminating in a rapid collapse of the FMM 
phased This is mirrored in the observed jumps in V and 
the dramatic rise of Ts. The Joule self-heating is strong 
enough to promote the sample to the insulating phase 
{Ts>Tmi), resulting in a less appreciable self-heating due 
to a much more homogeneous distribution of The 
negative differential resistance at high I values (Figs. 2 
and 3) is a consequence of the decrease in V / I(T>Tmi) 
as Ts still rises with increasing I. 
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